We perform a study of the non-linear clustering of matter in the Late Forming Dark Matter (LFDM) scenario in which dark matter results from the transition of non-minimally coupled scalar field from radiation to collisionless matter. A distinct feature of this model is the presence of a damped oscillatory cut-off in the linear matter power spectrum at small scales. We use a suite of high-resolution N-body simulations to study the imprints of LFDM on the non-linear matter power spectrum, the halo mass function and the halo density profiles. The model satisfies highredshift matter power spectrum constraints from Lyman-α forest measurements. We find suppressed abundance of low mass halos (∼ 10 9 − 10 10 h −1 M ) at all redshifts compared to a vanilla ΛCDM model. Furthermore, in this mass range we find significant deviations with respect to predictions from the Sheth-Tormen mass function. Halos with mass M 10 11 h −1 M show minor departures of the density profiles from ΛCDM expectations, while smaller mass halos are less dense consistent with the fact that they form later than their ΛCDM counterparts.
I. INTRODUCTION
The Cold Dark Matter (CDM) scenario has been tremendously successful in reproducing observations of the distribution of matter on cosmic scales [1] [2] [3] [4] [5] . In spite of this remarkable success the origin of this invisible component is still not known. This is because cosmological observations shed no light on the particle physics nature of DM and only suggest that DM consists of an approximately pressureless component that clusters gravitationally since a few e-folding before matter-radiation equality.
The leading high-energy physics candidates to DM are Weakly Interacting Massive Particles (WIMPs). In principle these can be detected in underground laboratory experiments with a signal characterized by an annual modulation pattern. This has been thought to be a distinctive signature of DM direct detection against possible contamination from radioactive background noise. In fact the annual modulation is commonly considered a consequence of the orientation of the Earth orbit along or against the flow of DM particles in the galactic halo during the annual motion of the Earth around the Sun (for a review see [6] ). A number of underground experiments such as DAMA/LIBRA [7] , CoGeNT [8] and CRESSST-II [9] have claimed the detection of DM particles with an annual modulation pattern. In contrast, CDMS-II [10] , XENON10 [11] and more recently LUX [12] collaborations have reported none. Searches for electro-weak WIMPs at the Large Hadron Collider have also given negative results so far. More puzzling is the fact that the detection from the underground experiments constrain different regions of the WIMPs parameter space [13] . Thus, it is possible that such contrasting outcomes may be hiding a much richer physics in the weak scale dark sector than previously thought or indicate the need of a completely new dark matter paradigm beyond weak scale WIMPs. In this context the small scale clustering of matter in the universe has emerged as the new arena to test the nature of DM. The discovery of a number of anomalies at small scales have cast doubts on the validity of the CDM hypothesis. The core-vs.-cusp problem [14] and the missing satellite problem (see e.g. [16, 17] ) have motivated the study of alternative scenarios beyond the CDM paradigm. Moreover, recent studies of the dynamical properties of the most luminous Milky Way dwarf spheroidal satellite galaxies have pointed to a new anomaly, the so called too-big-to-fail problem [31, 32] . Baryonic processes in galaxy formation have been invoked as the natural solution to these discrepancies (see e.g. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] ). As an example, baryon feedback and observational incompleteness can account for the missing satellite problem (see e.g. [29, 30] ). Nevertheless, recent studies have pointed out that baryon feedback models can hardly provide a unique self-consistent explanation to the entirety of DM anomalies (see e.g. [33] [34] [35] [36] ). Furthermore, analyses of the local abundance of dwarf-field galaxies have shown that this differs significantly from the ΛCDM prediction [37] [38] [39] . This is more difficult to reconcile with the CDM paradigm in terms of baryon feedback models given the fact that such isolated systems, contrary to satellites, undergo less complex processes. Therefore, it cannot be a priori excluded that such anomalies in the small scale clustering of matter are (also) related to the unknown nature of DM (for a review see [40] ).
Among the scenarios alternative to CDM, the existence of a Warm Dark Matter (WDM) component has been motivated by particle physics models of sterile neutrinos (see e.g. [41] [42] [43] [44] ). Differently from the CDM, WDM particles with mass of a few keV free-stream on scale 100 kpc due to velocity dispersion [45, 46] . This causes a characteristic suppression of the linear matter density power spectrum at small scales and alters the properties of DM halos. Comparison with observations thus provides bounds on the DM particle mass. As an example, it was pointed out in [50] that the solution to the core-vs-cusp problem requires WDM particles with mass m WDM ∼ 0.1 keV. Instead, the authors of [47, 48] have shown that WDM particles with mass in the range 1.5 m WDM [keV] 2 can solve the too-big-to-fail problem. This is the optimal range for realistic sterile neutrino models [49] , however it is severely constrained by the determination of the high-redshift matter power spectrum inferred from Lyman-α forest measurements [51] [52] [53] . For instance, the recent analysis by Viel et al. [54] indicates a lower limit m WDM 3.3 keV at 2σ confidence level. Even assuming a particle mass within such a bound (e.g. m WDM = 4 keV) the authors of [55] have shown that the dynamical properties of galactic WDM subhalos are indistinguishable from that of CDM, thus leaving the too-big-to-fail problem unsolved. Indeed, if the small scale anomalies are entirely due to the particle physics nature of Dark Matter, then requiring their simultaneous solution poses strong constraints on DM models (see e.g. [56] ).
Another class of models alternative to the standard CDM hypothesis has developed around the possibility that DM particles have significant self-interactions [57] . This scenario, also known as Self-Interacting Dark Matter (SIDM), arises in the context of particle physics models of the DM sector (see e.g. [58] [59] [60] ). A key prediction of these models is the fact that DM particles have velocity dependent self-scattering cross-sections. These selfinteractions, which can be assimilated to gravitational scalar forces alter the non-linear gravitational collapse, leaving characteristic signatures in the small scale clustering of matter. N-body simulations of SIDM models have been presented in numerous studies. Recent analysis (see e.g. [61] [62] [63] ) have shown that in a narrow range of the SIDM model parameter space the dynamics of subhalos in parent halos with mass about that of the Milky Way reproduces that of the dwarf-spheroidal galaxies in the Milky Way. At the same time, the subhalos possess core profiles O(1 kpc), thus simultaneously solving the core-cusp problem and the too-big-to-fail problem. On the other hand, in SIDM models the subhalo mass function remains identical to that of CDM, thus leaving the missing satellite problem unsolved. It has been shown in [64] [65] [66] that such class of models can provide a successful solution if an additional interaction of the DM component with radiation is considered.
Here, we focus on the Late Forming Dark Matter (LFDM) [69] scenario inspired by particle physics models of neutrino dark energy [70] that aim to provide a unified description of dark matter and dark energy. In this model DM particles are the result of a phase transition in the equation of state of a scalar field from radiation (w ∼ 1/3) to matter (w ∼ 0) (see [71] for a different realization of this scenario). A distinctive characteristic of LFDM models is the presence of a damped oscillatory tail at the small scales of the linear matter power spectrum. However, contrary to other non-standard DM models, the range of scales where such distinctive feature occurs is set by the epoch of the transition (rather than the value of the DM particle mass or the amplitude of the self-interaction cross-section). The earlier the transition the smaller the scale where the suppression of power occurs. In this regard models of Ultra-Light Axion (ULA) dark matter can also be seen as a form of late forming dark matter where the axion field transitions from a vacuum state (w ∼ −1) to matter (w ∼ 0) when the field mass becomes comparable to the Hubble scale (see e.g. [72] ). Differently from LFDM, ultra-light axion dark matter alters the linear cosmic structure formation, thus it is constrained by observations of the large scale structures as recently shown in [73] . In contrast, LFDM exclusively affects the linear matter power spectrum at small scales, thus leaving potentially observable features in the non-linear structure formation only.
In this paper we present a first study of the non-linear structure formation of LFDM and assess the viability of this scenario using a series of high-resolution N-body simulations.
The paper is organized as follows. In Section II we recall the main features of the LFDM model, while in Section III we describe the numerical methods, the generation of initial conditions and N-body simulation characteristics. In Section IV we discuss the analysis of the non-linear matter power spectra, in Section V we describe the imprints on the halo mass function, in Section VI we present the results on the halo density profiles and the conclusions in Section VII.
II. COSMOLOGY OF LATE FORMING DARK MATTER
In the following we will briefly review the main features of the LFDM scenario that are relevant to the study of cosmic structure formation. We refer the reader to the original paper by Das & Weiner [69] for a detailed description of the model.
In this scenario DM is the result of the dynamical evolution of a scalar field coupled to a thermal bath of relativistic particles (e.g. eV sterile neutrinos). At high temperature (early times) the field is trapped in a metastable state and behaves as a dark radiation fluid with an equation of state w ∼ 1/3. As the temperature drops due to the cosmic expansion, a new lower energy minimum appears and the field rolls into the lower energy state while oscillating around the true minimum of the scalar potential, thus behaving as a collisionless DM component (w ∼ 0). Because of the coupling to the thermal bath of relativistic particles, deep in the radiation era (before the transition) the density of field fluctuates through damped oscillations (similarly to the baryon acoustic oscillations in the photon-baryon plasma during the tightcoupling regime). After the transition LFDM behaves as standard CDM and the damped oscillations remain imprinted in the density fluctuation power spectrum. This damped oscillatory pattern is characteristic of other alternative DM scenarios in which DM is coupled to radiation (see e.g. [74] [75] [76] ). However, in the LFDM model the range of scales carrying the imprint of damped oscillation depends on the redshift of the phase transition. The later the phase transition the larger the scales where the power spectrum exhibits a damped oscillatory tail. The absence of these features in the large scale power spectrum of galaxies impose constraints on the redshift of the transition. In particular, a recent analysis indicates that z t > 10 5 [77] . Since after the phase transition LFDM behaves as a collisionless component, the linear cosmic structure formation is indistinguishable from that of the standard ΛCDM model. However, in order to produce a sufficient dark matter abundance an excess of scalar dark radiation (in addition to that of neutrinos and photons) is needed at early times. As shown in [77] a small excess contributing to ∆N eff ∼ 0.01 − 0.1, thus well within the CMB constraints [78] , is sufficient to give the right amount of dark matter particles.
As an example, in the left panel of Fig. 1 we plot the Cosmic Microwave Background (CMB) temperature anisotropy power spectrum for a flat LFDM model with cosmological constant against a ΛCDM model best-fit to Planck data [78, 79] . In this specific LFDM model the phase transition occurs at z t = 1.5 × 10 6 and the cosmological parameters are set to the values of the standard ΛCDM model. We have computed the CMB and matter power spectrum of the LFDM model using a modified version of the CAMB code [80] to solve the dynamics of the coupled linear perturbation equations associated with the LFDM component. We may notice that even without a model parameter optimization requiring a Monte Carlo likelihood analysis of available data, the choice of the Λ-LFDM model parameters provides a good fit to the Planck measurements (the small differences arise essentially from the small excess of dark radiation density before matter-radiation equality). In the right panel of Fig. 1 we plot the corresponding linear matter power spectra at redshift z = 0 against the Luminous Red Galaxy (LRG) power spectrum from the Sloan Digital Sky Survey Seventh Data Release (SDSS DR7) [81] . As we can see the spectra are identical on the large scales, while differences are only present at k 10 h Mpc −1 due to LFDM damped oscillations deep on non-linear scales. For illustrative purpose only we also plot the linear power spectrum of a WDM thermal relic particle with mass m WDM = 1.4 keV characterized by a small scale cut-off near the power suppression of the LFDM model.
III. N-BODY SIMULATIONS
We run a series of high-resolution N-body simulations using RAMSES [82] , an Adaptive Mesh Refinement (AMR) code with a tree-based data structure in which particles are evolved using a particle-mesh solver and the Poisson equation is solved using a multigrid method [83] .
We generate the initial conditions with the code MP-GRAFIC [84] which uses the Zel'dovich approximation. is the spatial resolution of the coarse grid.
We set the initial redshift such that the standard deviation of the initial density field smoothed on the scale of the coarse grid ∆ coarse x is σ(∆ coarse x ) = 0.02. With this choice the initial redshift of the simulations is sufficiently large to suppress spurious effects due to transients [85] .
We assume a flat Λ-LFDM model with phase transition redshift z t = 1.5 × 10 6 and characterized by the linear power spectrum shown in Fig. 1 . The cosmological parameters are set to the following values: Ω m = 0.3, h = 0.7, σ 8 = 0.8, n s = 0.96 and Ω b = 0.046. In addition, we also consider a flat ΛCDM model with identical parameters.
It is worth remarking that the linear LFDM power spectrum considered here resembles that of the models studied in [65, 66] . Nonetheless, there are a few noticeable differences. In [65] the authors have considered nonstandard models with DM-photons interactions characterized by a linear power spectrum that in the range 10 < k[ h Mpc −1 ] < 100 has a damped oscillatory pattern with a slope different from that of LFDM case (see Fig. 1 in [65] ), while in [66] the amplitude of the damped oscillations is significantly more suppressed than in our model realization (see Fig. 1 in [66] ). Certain realizations of mixed cold and warm dark matter models such as those considered in [44, 68] also have spectra that approximate the envelope of the LFDM spectrum, however they have different power distribution in the range 10 < k[ h Mpc −1 ] < 100. The simulations of the Λ-LFDM model consists of a box of (27.5 3 particles of a flat ΛCDM model with identical cosmological parameters (with z ini = 424) and same phase of the initial conditions, which we use to evaluate differences with respect to the small scale clustering of Λ-LFDM.
The simulations run on the ADA supercomputer of the Institute for Development and Resources in Intensive Scientific Computing (IDRIS). In particular the LFDM simulation of (110 h −1 Mpc) 3 volume with 2048 3 particles was run on 3000 processors Intel Sandy Bridge E5-4650 for a total running time of 3 million hours.
IV. NON-LINEAR MATTER POWER SPECTRUM
We compute the matter power spectrum with the code POWERGRID [84] . This compute the power spectrum by performing a Fourier transform of the density field in band powers ∆k = 2π/L, where L is the simulation boxlength. We correct for the smoothing effect due to the Cloud-in-Cell (CIC) algorithm used to estimate the density field from the particle distribution. To be conservative we restrict to wavenumbers below the Nyquist frequency of the coarse grid.
In the left panel of Fig. 2 we plot the non-linear power spectra at z = 0, 1 and 3 for the three Λ-LFDM simulations which differs for volume size and mass resolution. First, we may notice that the spectra of the large (solid line) and intermediate (dotted line) volumes are fairly in agreement at k < 6 h Mpc −1 , while in the same range the amplitude of the spectrum of the smaller simulation box (dashed line) is slightly lower. This is due to finite volume effects as well as the choice of the initial phase (see e.g. [86, 87] ). On the other hand the spectrum of the intermediate simulation box is suppressed at larger wavenumber near the Nyquist frequency compared to the higher resolution runs. This is due to mass resolution errors (see e.g. [86, 88] ). Volume effects are negligible at large k, in particular for k > 13 h Mpc −1 the spectrum of the (27.5 h −1 Mpc) 3 volume simulation and that of the (110 h −1 Mpc) 3 box differ by less than 2%. In the right panel of Fig. 2 we plot the relative difference of the non-linear matter power spectrum of the Λ-LFDM model with respect to the ΛCDM case for k 10 h Mpc −1 at z = 0, 1, 3, 4 and 5.5 respectively from the (27.5 h −1 Mpc) 3 volume simulation. Volume effects in this range are expected to be negligible. Furthermore, the ratio of spectra is less affected by volume and mass resolution effects. Hence, the differences between the two cosmologies are not due to numerical artifacts. We can see that at z ≤ 5.5, deviations from ΛCDM at k = 10 h Mpc −1 are < 10% and over the whole interval they are at < 26%. At z = 0 the difference between the spectra reduces to < 5%. Also notice that any signature of the LFDM damped oscillations in the initial linear power spectrum has been completely erased.
Constraints on the high-redshift matter power spectrum (2 < z < 5) inferred from the most recent Lyman-α measurements [54] indicate that the power spectrum of WDM thermal relics may deviate from ΛCDM by no more than ∼ 10% at k = 10 h Mpc −1 and 50% at k = 22 h Mpc −1 , larger deviations are ruled out by the data. As shown in the right panel of Fig. 2 the Λ-LFDM model considered here largely evades these constraints.
V. HALO MASS FUNCTION
We detect DM halos using the code pFoF [89] based on the Friend-of-Friend algorithm [90] which identifies halos as group of particles characterized by an intra-particle distance smaller than a given linking length parameter b. In our analysis we set this to the standard value b = 0.2 and consider only halos with more than 100 particles unless specified otherwise. Spurious low-mass halos due to artificial fragmentation occurs in models with a sharp-cut off in the initial power spectrum. We have taken this into account in analysis of the Λ-LFDM model considered here and refer the reader to a dedicated study on the structural properties of halos in non-standard DM models [91] .
We compute the mass function as
where L is the simulation box-length and N is the number of halos in a mass bin of size ∆ log M . In Fig. 3 we plot the mass function of the Λ-LFDM model at z = 0 for the simulations with volume of (110 h −1 Mpc) 3 (filled squares), (64 h −1 Mpc) 3 (filled triangles) and (27.5 h −1 Mpc) 3 (open circles) respectively in bins of size ∆M/M = 0.1. In all three cases we can see that the high-mass end of the mass function is characterized by a large level of scatter due to finite volume effects. In the case of the smallest simulation box we find that the halo mass function converges to better than 5% to that of the (110 h −1 Mpc) 3 volume for M < 1.2 × 10 11 h −1 M . Instead, in the case of the intermediate simulation box we can see that the low-mass end of the mass function deviates at more than 5% level for M < 3.5 × 10 11 h −1 M due to lower mass resolution. In Fig. 4 we plot the redshift evolution of the Λ-LFDM mass function from the (110 h −1 Mpc) 3 volume simulation at z = 0, 1, 3, 5.5 and 9. To be as conservative as possible we limit the mass range to halos with at least 350 particles. For comparison we also plot the Sheth-Tormen (ST) [92] mass function calibrated at z = 0 and extrapolated to higher redshifts (see Appendix ).
We can see that despite the suppressed amplitude of the linear matter power spectrum at small scales (see right panel in Fig. 1) , the halo formation proceeds as in a hierarchical bottom-up scenario and the abundance of halos increases from high to low redshifts as a function of halo mass. At z = 0 the ST mass function provides a good fit to the N-body measurements to better than 10% in the mass range 10
For larger masses deviations from the ST fit are dominated by finite volume errors. In contrast at lower masses the ST overestimates the abundance of low mass halos with deviations up to 30%. At redshifts z = 1, 3 and 5 such deviations increase and extend over the entire range of masses with deviations as large as 50% in the range where volume effects are negligible. At z = 9 the low mass end is still overestimated, while the abundance of halos with mass M 10 10 h −1 M is underestimated. This trend is a manifestation of departure from universality of the halo mass function already found in standard CDM cosmologies (see e.g. [93] [94] [95] ). Nevertheless, the fact that ST systematically overestimate the abundance of low mass halos (M 10 10 h −1 M ) suggests a substantial departure of the non-linear gravitational dynamics from that of the standard CDM ellipsoidal collapse model encoded in the ST multiplicity function (see Appendix ). To see this more clearly we compare the multiplicity function of the Λ-LFDM model to that of the ΛCDM. For this purpose we use the data from the (27.5 h −1 Mpc) 3 volume simulations for which we have the ΛCDM model realization.
In the left panel of Fig. 5 we plot the ratio of the multiplicity functions at z = 0, 1, 3, 5.5 and 9 in mass bins of size ∆M/M = 0.1 containing at least 100 halos. This limits the mass range of interest to an interval where volume effects remain negligible and thus it reduces from z = 0 to z = 9 as volume effects are largest at the high mass end. Since we are considering the ratio of the multiplicity function we may expect to be less sensitive to numerical artifacts, thus we adopt a less conservative bound on the lowest halo mass and consider halos with at least 100 particles. We can see that independently of the redshift, for M 10 10 h −1 M the multiplicity functions of the two simulated cosmologies are identical to numerical precision. We may also notice that in this mass range the ratio of the ST multiplicity functions calibrated to the data at z = 0 for the two cosmological models reproduces fairly well the numerical results. This is not the case at lower masses where ST predictions largely deviate from the N-body results. This suggests that the use of standard mass function formulae developed in the framework of the CDM paradigm to infer predictions for non-standard CDM models characterized by a cut-off in the linear matter power spectrum at small scales may lead to significant misestimates of the halo abundances at low mass.
Let us now turn to the comparison of the halo abundance between ΛCDM and Λ-LFDM. In the right panel of Fig. 5 we plot the mass function of ΛCDM halos relative to that of the Λ-LFDM at z = 0, 1, 3, 5.5 and 9 respectively in mass bins of size ∆M/M = 0.1 containing at least 100 halos. Again the ratio is of order of unity at all simulated redshifts for M 10 10 h −1 M which is consistent with the fact that in this range the multiplicity functions of the two models are identical. Furthermore, in this range also the variance of the smoothed linear density field predicted by the two cosmologies is nearly identical thus leading to a similar halo abundance well reproduced by the ST mass function. In contrast, we can see that for M 10 10 h −1 M halos in ΛCDM are up to a factor 3 more abundant than in Λ-LFDM. This is due to the differences in the multiplicity function shown in the left panel of Fig. 5 and amplified by the fact that on these scales the smoothed linear density field of the Λ-LFDM model is suppressed compared to the ΛCDM case. Also notice that there is no redshift evolution of the relative abundance between z = 3 and 0, while a modest evolution occurs at higher redshifts for halos with mass M ∼ 10 9 h −1 M . This is consistent with that fact that in Λ-LFDM small mass halos form later than in ΛCDM, thus leading to differences that can be tested through high redshift universe observations as already explored in the case of WDM models in [96] . 
VI. HALO DENSITY PROFILE
We now focus on the density profile of DM halos. To perform a comparison between the ΛCDM and Λ-LFDM models we use the halo catalogs from the (27.5 h −1 Mpc) 3 box simulations.
In Fig. 6 we plot the relative difference of the ΛCDM averaged halo density profile at z = 0 with respect to that of the Λ-LFDM case for halos in three different mass bins. Within each mass bin, individual halo profiles are stacked to obtain the averaged profile. To facilitate stacking, radius is normalized by r 178 corresponding to an enclosed overdensity ∆ = 178 relative to the cosmic mean matter density. We can see that for r/r 178 0.1 the profiles of halos with mass M > 10 11 h −1 M are nearly identical in the two cosmologies. For r/r 178 < 0.1 deviations do not exceed the 10% level with ΛCDM halos being on average denser than in Λ-LFDM. In the case of halos with mass in the range M = 10 10 − 10 11 h −1 M we find larger deviations across the radii considered. In particular, in the LFDM case the averaged profile at radii r/r 178 0.1 is ∼ 15 − 25% less dense than the CDM counterpart. As already noticed in [66] , this is consistent with the fact that the two models only differ for the amplitude of the initial power spectrum at small scales. In fact, as shown by the analysis of the mass function, the suppression of power at small scales in the Λ-LFDM model causes small mass halos to form later than in ΛCDM, thus resulting in lower density profiles. Halos of higher mass on the other hand assembles nearly at the same time in the two cosmologies thus leading to nearly identical profiles. If the trend shown in Fig. 6 at small radii is extrapolated to lower mass halos, then these results do not exclude the possibility that halos with mass M < 10 10 h −1 M may have cored profiles, however we are not able to address this point at the moment since our simulations do not possess the required resolution.
VII. CONCLUSIONS
The distribution of matter at small scales may provide insights on the nature of dark matter particles and potentially constrain scenarios alternative to the standard cold dark matter paradigm. In this work we have performed a first study of the non-linear clustering of late forming dark matter using a suite of high-resolution N-body simulations. The main phenomenological feature of this scenario is the presence of damped acoustic oscillations at large wavenumbers in the linear matter power spectrum. The scale where such a power suppression occurs depends on the epoch of the phase transition of a scalar field coupled to relativistic particles that generates the DM particles. Without requiring an extreme fine-tuning of the microscopic model parameters this may occur before matter-radiation equality and imprint a pattern of damped oscillations at k 10 h Mpc −1 . Because of this LFDM models are indistinguishable from standard CDM on the large scales, while they are constrained by probes of the small scale clustering of matter. From the analysis of N-body simulations we have shown that LFDM is a viable scenario alternative to CDM as it evades the bounds from high-redshift Lyman-α power spectrum measurements which tightly constrain the mass of WDM particles. We have evaluated the redshift evolution of the halo abundance. Comparison with the predictions from the standard ΛCDM model shows that small mass LFDM halos (10 9 < M [h −1 M ] < 10 10 ) are up to ∼ 3 times less abundant than their CDM counterpart, furthermore their number density varies at z > 3. This indicates that halos in this mass range form later than in ΛCDM, thus leading to lower densities in the internal part of the halos as confirmed by the study of density profiles. On the other hand, the assembly of more massive halos occurs as in ΛCDM and we find no significant differences of their density profiles between the two cosmologies.
These results confirm previous numerical studies of non-standard DM models characterized by initial linear matter power spectra similar to that of LFDM. Since LFDM behaves as a collisionless component, the lack of cored profiles in Milky Way-like halos seems inherently related to the fact that in order to satisfy the Lyman-α constraints the suppression of power in the initial power spectrum must occur on wavenumber k > 10 h Mpc −1 . This suggests that only by including DM self-interactions it will be possible to develop cored profiles. On the other hand, one should note that baryonic feedback does play a role at these scales. Given the differences in the abundance and assembly of small mass halos in Λ-LFDM and ΛCDM it will be of interest to investigate the dynamics of baryons in the LFDM scenario. This may leave distinct observational features in the formation of stars and galaxies which warrant further investigation.
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where P (k) is the linear DM power spectrum and W (k, R) is the Fourier transform of the smoothing function in real space (here we consider a top hat filter). The function f (σ) is the so-called "multiplicity function" which carries all information on the non-linear gravitational processes that leads to the formation of halos.
In the framework of the Excursion Set theory [98] this can be computed from the distribution of random walks first crossing a collapse density threshold that encodes the non-linear gravitational dynamics of matter collapse.
It was shown in [99] that the multiplicity function for uncorrelated walks with a threshold barrier motivated by the ellipsoidal collapse model is well approximated by a the Sheth-Tormen function (apart a fudge factor coefficient necessary to recover agreement with the N-body results) given by [92] 3) where δ c is the linearly extrapolated spherical collapse density threshold. Since after the transition LFDM behaves as a collisionless component the spherical collapse dynamics is identical to that of CDM 1 . At z = 0 we have δ c = 1.673 and we compute the exact redshift dependence δ c (z) by numerically solving the spherical collapse equations as in [95] .
We calibrate the ST parameters A, a and p to the numerical mass function at z = 0 from the (27.5 h −1 Mpc) 3 volume simulation of the ΛCDM and Λ-LFDM model respectively. We find A = 0.145 and a = 0.695 for both models, while p = 0.15 for ΛCDM and p = 0.1 for Λ-LFDM. As pointed out in [99] the parameter p is determined by the shape of the mass function at the low-mass end, which in turn depends on the form of the ellipsoidal collapse threshold (see also [100, 101] for an explicit relation between the mass function and the parameters of an ellipsoidal collapse inspired barrier). Hence, the large deviations from unity of the ratio of the multiplicity functions at low masses shown in the left panel Fig. 5 are clearly indicative of a departure of the non-linear collapse dynamics of the Λ-LFDM model from that of the ΛCDM.
